BACKGROUND: Venous thromboembolism (VTE) is a leading cause of death among patients with cancer. Outpatients with cancer should be periodically assessed for VTE risk, for which the Khorana score is commonly recommended. However, it has been questioned whether this tool is sufficiently accurate at identifying patients who should receive thromboprophylaxis. The present work proposes a new index, TiC-Onco risk score to be calculated at the time of diagnosis of cancer, that examines patients' clinical and genetic risk factors for thrombosis. METHODS: We included 391 outpatients with a recent diagnosis of cancer and candidates for systemic outpatient chemotherapy. All were treated according to standard guidelines. The study population was monitored for 6 months, and VTEs were recorded. The Khorana and the TiC-Onco scores were calculated for each patient and their VTE predictive accuracy VTEs was compared. RESULTS: We recorded 71 VTEs. The TiC-Onco risk score was significantly better at predicting VTE than the Khorana score (AUC 0.73 vs. 0.58, sensitivity 49 vs. 22%, specificity 81 vs. 82%, PPV 37 vs. 22%, and NPV 88 vs. 82%). CONCLUSIONS: TiC-Onco risk score performed significantly better than Khorana score at identifying cancer patients at high risk of VTE who would benefit from personalised thromboprophylaxis.
INTRODUCTION
Patients with cancer (taking all types together) are at 7 times the risk of developing a venous thromboembolism (VTE); in some malignancies the risk increases to 28 times. 1 The incidence of cancer-associated VTE is particularly high during the first few months after diagnosis, when distant metastases are present, and after initiating chemotherapy. 1, 2 VTE is a leading cause of death among patients with cancer, 3 and the survival of an episode may have clinical and economic implications, including hospitalisation, potential delays in cancer therapy, recurrent VTE, post-thrombotic syndrome, and chronic thromboembolic pulmonary hypertension. Indeed, these problems are common, costly, and have a profound impact on the patient's quality of life. 3 Different guidelines cover the identification of patients with cancer at risk of VTE, VTE prevention strategies, and treatment. [4] [5] [6] These documents indicate that most hospitalised patients with active cancer require thromboprophylaxis throughout hospitalisation. However, in the outpatient setting, it is indicated only for high-risk patients. Outpatients with cancer should be periodically assessed for VTE risk, for which the validated risk assessment tool developed by Khorana-the Khorana score 7 is commonly recommended. However, in recent years, a number of studies have questioned whether this tool is sufficiently accurate at identifying patients who should receive thromboprophylaxis. [8] [9] [10] In the present work, we hypothesised that a genetic component is involved in the appearance of VTE, a factor that the Khorana score does not take into account. Recently, the Vienna Group 11 showed that the Leiden (rs6025) variant of the gene coding for factor V in the coagulation pathway doubles the risk of a VTE event occurring in patients with cancer. This variant might, therefore, provide a promising biomarker of venous thrombosis in such patients, and could be used in individual risk prediction. 12 Other genes are known to increase the risk of VTE in the general population, and a tool (the Thrombo inCode or TiC tool) involving them as markers has been developed to predict VTE-but only for www.nature.com/bjc non-oncological populations. 13 The use of such tools ought to allow more tailored thromboprophylaxis strategies to be followed.
The present work proposes a TiC-derived risk score-the TiCOnco risk score-which takes into account both genetic and clinical risk factors, and which can be used to identify patients with cancer in the outpatient setting who are at high risk of VTE. Its capacity to identify such patient was compared with that of the Khorana score. The results suggest that the TiC-Onco risk score can better predict which patients should receive thromboprophylaxis.
PATIENTS AND METHODS

Study design and participants
The study protocol was approved by the participant hospitals' institutional review boards. Signed informed consent was obtained from each patient.
This study-the ONCOTHROMB12-01 study (Clinicaltrial.gov indentifier: NCT03114618)-is an observational cohort study involving an 18 month monitoring period with analysis at 6, 12, and 18 months. This paper presents the results for the first 6 months.
Selection criteria were as follows:
• Over 18 years of age
•
Recent diagnosis of cancer of the following types: colorectal, oesophago-gastric, lung, or pancreatic.
• ECOG/WHO/Zubrod score of 0-2
Candidates for systemic outpatient chemotherapy according to standard guidelines.
• No outpatient thromboprophylactic therapy deemed mandatory by the treating oncologist.
The Khorana score (reference tool) and the proposed TiC-Onco score (index tool) were calculated for each patient at the moment of initial diagnosis and their accuracy in terms of predicting the observed VTE events of the two tools was compared.
Diagnosis of VTE events
Deep vein thrombosis in the lower limbs was diagnosed by ultrasound or ascending venography. Pulmonary embolism was diagnosed by ventilation-perfusion lung scanning, pulmonary angiography, or spiral computed tomography. Intracranial venous thrombosis was diagnosed by magnetic resonance imaging.
Development of the TiC-Onco risk score The TiC-Onco risk score tool was developed in three steps:
1. Development of a genetic risk score. A total of 391 patients were genotyped for the genes shown in Table 1 using blood extracted at the time of diagnosis, employing TaqMan genotyping assays and the EP1 Fluidigm platform (an efficient endpoint PCR system for high-sample-throughput SNP genotyping). At 6 months, multivariate logistic regression analysis was performed to determine the weight of each genetic variable in the appearance of a VTE event. The final genetic risk score was determined using the genetic variants associated with an increased risk of VTE in the multivariate model (p ≤ 0.25).
2. Selection of clinical variables associated with the development of VTE.
Data were collected from all patients on the clinical risk factors cited in the literature 14 as being associated with VTE and that could be known at the time of diagnosis: primary tumour site, tumour node metastasis stage, and body mass index (BMI), use of tobacco, age, sex, family (first degree) history of VTE, the presence of diabetes, hypertension, and high blood cholesterol level, the Khorana score, previous surgery, number of platelets, number of leukocytes, and immobilisation. The risk of VTE associated with the primary tumour site (low, high, and very high) was categorised as when determining the Khorana score. 15 The risks associated with platelet and leukocyte numbers were categorised using the same cut-offs as for the Khorana score. 15 At 6 months, univariate analysis was performed to determine which of these variables were associated with the appearance of a VTE event. Those associated with an increased risk of VTE (p ≤ 0.25) were selected.
3. Development of the clinical-genetic model. The genetic risk score and the clinical variables selected were subjected to multivariate logistic regression analysis using an AICbased backward selection process. 16 Internal validation Internal validation to obtain the degree of optimism in the area under the receiver operating characteristic (ROC) curve (AUC) estimation was done using the bootstrap approach, 17 considering 100 resamples from the original data.
Comparing the Khorana and TiC-Onco risk scores The risk prediction capacity of the Khorana and TiC-Onco risk scores was evaluated using the area under the receiver operating characteristic (ROC) curve (AUC, larger values indicate better discrimination). 18 Standard measures of sensitivity, specificity, positive, and negative predictive value (PPV and NPV), and positive and negative likelihood ratios (PLR and NLR), 19 were determined for specific cut-off points.
For Khorana score the cut-off defining high risk was set at ≥3 (the normal cut-off value), and 0 for the low risk category definition. We contemplate two scenarios when determining a cut-off for the TiC-Onco score. In the first one (the main scenario), the cut-off is selected as the point on the ROC curve giving the same specificity as provided by the Khorana score (around 80%). It defines those individuals who are in high risk. This will be the default cut-off for TiC-Onco when not specified in the text. In this scenario, we also determine a second cut-off to classify the nonhigh risk individuals into either intermediate or low risk. Thus, we allow the TiC-Onco score to provide three risk categories-high, intermediate, and low risk. This second cut-off to discriminate between low and intermediate categories is selected as the point giving a sensitivity of 90%. The second scenario is presented just for informative purposes. In this case, the cut-off is selected as the point which maximises the Youden's index (defined as sensitivity + specificity−1). 20 In this scenario, we only consider a TiC-Onco with two categories, high risk and non-high risk.
Statistical analysis Continuous variables were recorded as median [1st-3rd Quartiles], and categorical variables as proportions. Univariate association between clinical/genetic variables and events was determined using either t-test or Wilcoxon rank sum tests for continuous variables, and χ 2 or Fisher tests for categorical variables. All calculations were performed using R statistical software (version 3.1.3). 21 Number of patients needed to treat To assess the effect of the TiC-Onco risk score in terms of preventing VTE events, the number of patients needed to treat (NNT) was determined for both scores. 22 It was assumed that prophylactic medication would reduce cancer-associated VTE by 46%. 23 Tables 1 and 2 show the clinical and demographic characteristics of the 391 patients at the start of the study. For each variable, the number and percentage of patients who experienced a VTE, or not, at some point in the 6-month study period, are shown. The overall incidence of VTE was 18%. Patients suffering from pancreatic cancer experienced VTE at a significantly higher frequency (40%) than patients with other type of cancers (p < 0.001) ( Table 2 ).
RESULTS
Patient characteristics
Development of the TiC-Onco risk model Table 3 shows the genetic and clinical markers that were significantly associated by multivariate analysis with a VTE event, and thus selected for inclusion in the TiC-Onco risk score model.
Accuracy and validation of the risk model
The TiC-Onco score showed an AUC of 0.73 (0.67-0.79), a sensitivity of 49%, and a specificity of 81%. Its PPV was 37%, NPV 88%, PLR 2.6, and NLR 0.6% (Table 4 ). The Khorana score showed a significantly lower capacity to distinguish between patients who experienced/did not experience a VTE event (AUC 0.73 vs. 0.58; p < 0·001). The sensitivity of the TiC-Onco score was significantly higher than that of the Khorana (49 vs. 22%; p < 0.001), while the specificities of both scores were similar (81 vs. 82%; p = 0.823). The PPV and NPV of the TiC-Onco score were significantly higher than those of the Khorana score (37 vs. 22%; p = 0.004 for PPV and 88 vs. 82%; p < 0.001 for NPV). The LRs of the TiC-Onco score were also significantly better (Table 4) . Table 5 shows the distribution of patients with or without VTE according to the Khorana score. The great majority of patients who suffered a VTE event (77%) were identified by the Khorana score as being at low or moderate risk (values 0, 1, and 2). Among these 55 patients, however, 17 (31%) were detected as high-risk patients by the TiC-Onco score. When the cut-off for high risk was taken as the best Youden Index, the TiC-Onco score returned significantly better predictions of risk than the Khorana score, especially in terms of sensitivity (86 vs. 22%, p < 0.001) ( Table 4) . In this scenario, of the 55 patients who experienced a VTE event (but who were classified as not being at high-risk by the Khorana score), 40 (73%) were detected as high risk patients by the TiCOnco score. Table 6 shows rates of VTE according to prespecified risk categories for both TiC-Onco and Khorana.
The NNT values for: (a) if all patients included in the study had been treated (NNT = 12); (b) if only the patients with a Khorana score of ≥3 had been treated (NNT = 10), or (c) if only patients with a high risk TiC-Onco score (with the cut-off set at the same specificity as the Khorana score) had been treated (NNT = 6).
DISCUSSION
When deciding whether to use primary antithrombotic prophylaxis in outpatients with cancer who are candidates for chemotherapy, a clinician needs to determine the risk of VTE and weigh the likely benefit against the risk of bleeding. Despite the awareness of scientific societies regarding cancer-associated VTE, thromboprophylaxis is limited among outpatients, probably due to the sub-optimal predictive capacity of the existing tools used to predict the risk of experiencing a VTE event. The present work presents a new predictive score, the TiC-Onco score, which shows significantly better predictive power in this regard than the Khorana score.
The incidence of VTE in the present population at 6 months of follow-up was 18% (occurring in 71/391 patients); this is within the range of figures cited in a previous publication 24 for the same follow-up period. It is also in agreement with the observation that the incidence of VTE is highest among patients with pancreatic cancer. 25 However, no other clear differences between tumour types were seen with respect to the Khorana score, probably because a large proportion (46%) of the present patients had stage IV tumours.
The statistical analysis of the present data detected four genetic variants that were independently associated with VTE in outpatients with cancer (Table 2 ). These were combined into the algorithm for the Tic-Onco score, which initially allowed the patients to be classified as either at high or low risk of VTE. Among the patients in the TiC-Onco high risk group, 37% eventually suffered a VTE event, while 12% of those in the low risk group experienced the same (Table 4) . However, when the three-tier TicOnco risk category system was contemplated (explained in Methods), 37% of the high risk, 18% of the moderate risk, and 6% of the low risk patients experienced a VTE event. In comparison, 22, 20, and 13% of the patients in the equivalent The majority of genetic studies have excluded individuals with cancer-related thrombosis, and the relatively few studies that have been performed (which have mainly focused on the factor V Leiden and prothrombin G20210A genetic variants), have reported conflicting results. 1, 11, 12, [28] [29] [30] These discrepancies are most likely due to the use of a single-marker, and inherent problems of low statistical power and poor reproducibility. The present work overcomes these problems by using several markers based on previous knowledge, a strategy that provided good results in previous work performed with non-oncology patients. 13 Although the presently noted distribution of patients in the different Khorana risk categories is similar to that previously reported for the same follow-up time by other authors, 26 , 27 the predictive power of the TiC-Onco was found to be significantly greater than that of the Khorana Score. This superiority is demonstrated by a better AUC, better likelihood ratios, a higher PPV and NPV, and, importantly, a much higher sensitivity (49%).
In summary, this paper reports a clinical-genetic risk score that is significantly better than the Khorana score at identifying outpatients with cancer at high risk for experiencing a VTE event.
Patients identified as being at high risk by the Tic-Onco risk score (using a specificity equal to that provided by the Khorana index as the cut-off) would likely benefit from thromboprophylaxis despite the risk of haemorrhage; they should, therefore, be seen as candidates for prophylactic treatment for VTE. The lower NNT of the Tic-Onco score reveals it can identify those patients most likely to benefit from prophylaxis. It is important that an accurate predictive tool like the TiC-Onco score be available if the morbidity associated with VTE is to be reduced, and because patients with cancer who experience a VTE are more likely to die than those who do not (31 vs. 11% in the present study; p < 0.001).
The reduced number of cancer types included might be seen as a weakness of the present study. However, it has the strengths of a multi-site setting, and a large proportion of patients in the advanced stages of tumour node metastasis classification.
As the risk of cancer-associated VTE is high even 6 months before cancer diagnosis, and the peak incidence is from 0 to 6 months 1, 31 post-diagnosis, it is recommended that the TiC-Onco score be calculated at the moment cancer is suspected. 32, 33 
